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' . Pre face

The purpose of this thesis was to develop and validate a computer

model of strip geometry explosive flux compression generator. The Air

Force Weapons Laboratory had designed a strip generator and conducted

preliminary familiarization experiments with it. A computer program to

predict generator output was developed. This computer model was then

validated using the AFWL strip generator.
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4 ,.-.'.- A b s t r a c t

A computer program to predict the performance of a strip geometry

explosive magnetic flux compression generator (MCG) vas developed and

validated.

The program contains five separate models of the HCG, two

theoret'cal and three empirically based. The first model is a

theoretical lossless flux conserved model. The second model accounts

fo: resistive losses due to plate resistance and a flux diffusion

equivalent resistance. The first empirical model 3odelsl the remaining

losses as a slipping loss. The second empirical model adjusts the

flux conserved model with an additional time varying inductance. The

final empirical model is a simple flux trapping efficiency model.

* Actual NCG experiments were conducted u ing the Air rorce Weapons

Laboratory's strip ICG. The data from these ,xperiments was used to

validate the computer program. Input currents varied from 294.0 KA to

1100.0 LA with resulting output cirrents of 2210.0 KA to 10261.0 LA

and current amplification factors between 6.29 and 15.75.
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COMPUTER MODELING AND EXPERIMENTAL VALIDATION
OF LOSSES IN A STRIP CEOMETRY EXPLOSIVE

MAGNETIC FLUX COMPRESSION GENERATOR

I. Intzoduction

Magnetic flux compression generators (MCGs) are devices which

create ultrahigh magnetic fields by compressing magnetic fields

between two metal surfaces to achieve field multiplication. This field

multiplication is achieved by converting chemical energy into

electrical energy.

Background

MCGs have been under investigation since the early 1950a (1:10).

Initial experiments were done in strip geometries, explosively driving

two plates together. Because experiments in coaxial geometry proved

more efficient, attention soon focused on coaxial geometry (2:5191).

For many years, the focus remained on che ccaxial flux compression

enerators.

Recently, attention has returned to the strip geometry MCG.

Because of their higher current densities and relativwly simple

constructiou, the military is now considering strip geometry NCGs as

a possible power supply for some of its advanced weapons and

experiments (3).

By their nature, exploeive MCGs are one shot devices. For this

reason, computer modcls pr-dicting the MCG's output characteristics

are beneficial in terms of cost and time of development.

7:,



"*1 •Problem

The purpose of this thesis was to develop and validate a simple

computer model of a strip geometry HCG's operation. The computer :aodel

accounts for the major physical processes involved in the MCG's

operation. Model validation was done using the Air Force Weapons

Laboratory's (ANWL) MCG shown i- Figure 1-1.

Trough

Top Plate

.1

"Cutting Wedge

Bottom Plate

Jet Catcher

Jet Wedge

Load

Figure 1-1. Air Force Weapons Laboratory's MCC
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The study ione for this thesis was limited to the design and

validation of a computer model of a strip geometry LCG. The loss

mechanisms considered were flux diffusion, plate resistance, sliding

contact, and incomplete compression.

The criteria used to evaluate the model were the ability to

predict the output current as a function : time and the time to peak

current amplification.

Assumptions

In order to model the MCG's operation several basic assumptions

were made. These assumptions include:

1) The electrical circuit used in the experiments can be modeled

by the lumped parameter elements of inductance, capacitance, and

resistance (4:327); (This allows the MCG's operation to be described

by RLC circuit analysis.);

2) The magnetic fields are spatially uniform within the MCG;

3) The load and throat inductance of the MCG are constant

with time;

4) The metal plates are incompressible (5:364);

5) The explosive process brings the two plates together in a

uniform notion so that the compression can be considered linear (6:7);

6) During the compression process, the metal plates offer no

resi-sance to plate motion (6:3); and

7) Specific heat remains constant (5:362).

3



General Approach

Computer Model. In order to model the generator's operation with

an equivalent electrical circuit, basic relationships which describe

the physical processes involved had to be developed. The first problem

was to determine how the explosive energy was tra.ýsferred to the metal

plates. The detonation of the explosive accelerated the metal plate

converting the chemical energy of the explosive to kinetic energy or

changing velocity. Although complex computer codes exist to describe

this energy conversion, the Gurney method provides a quick, simple

approximation for the changing metal velocity (6:3).

The second physical process to be accounted for was the time

varying inductance. The caanging metal velocity predicts the motion

of the metal plates which, in turn, is used to calculate the changing

area enclosed by the MCG. From this changing area, a time varying

inductance was calculated. Combined with the lumped element parameters

determined from the experimental circuit, a totally flux conserved

(lossless) model was developed. As the plates are driven together,

the inductance decreases, converting kinetic energy to electric energy.

Using this flux conserved model, the flux diffusion losses were

calculated. These losses were modeled by a time varying effective

resistance. Losses due to the copper's resistance were also computed.

This resistance, combined with the effective resistance which accounts

for flux diffusion losses, was used to produce a total resistance

model of the MCG.

During experimental validation, it was discovered that other

physical loss mechanisms were present. These losses had to be

4

'I



accounted for in order to completely describe the MCG '5 operation.

Three empirical models we~re de,,eloped. The first mc'iel which accounts

for slipping losses was developed in a manner similar to that of

Knoepfel (1:189-191). A second model which allows for compression at

rates faster or slower than predicted by the Gurney velocity was also

developed. A final model which is based totally on empirical

measurements accounts for a flux compression efficiency.

A detailed description of the computer models can be found in

Chapter Ml.

Experimental Validation. Validation of the computer program

consisted of performing actual strip MCG experiments. The experimental

circuit was set up as shown in Figure 1-2. Constant ircuit parameters

such as line inductance and resistance were determined by discharging

the capacitor bank through a shorted line as well as through the

AFWL MCG. Current measurements were used to determine these values.

Several parameters were varied to check the validity of the

computer model. These included changing the load impedance, the

tamping, the amount of explosive, a..d the input voltage to the

capacitor bank.

Five MCG experiments were successfully performed. Test

measurements included voltages across the switch and load, and current

derivatives through the switch, line, and load. Currents were

obtained by actively integrating the current derivatives. Data was

displayed on oscilloscopes photographed with polaroid cameras.

5
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A detailed description or the experimen~al apparatus can be found

in Chapter IV. Chapter V describes the experimental procedures used.

Finally, the results comparing the experimental data with the computer

models, conclusions, and recommendations can ba found in Chapter VI.

A
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II. Basic Theory

Numerous models have been developed to describe MCG operation. The

models can be broken down into two major catagories, equivalent

electrical circuit modeling and empirical modeling.

Equivalent Circuit Modeling

Many models used to describe MCG operation use an equivalent

electrical circuit approach. Each of these models describe MCG

operation as having four major components: an input power supply,

an inductance, a resistance, and a load inductance. The equivalent

circuit is shown below.

L(t) R(t)

II
L

Figure 2-1. Equivalent Electrical Circuit

The input power is generally described as an input current whose value

is determined by the input circuitry. The load inductance is

. ,8



determined by the particular use of the generator. The models all

describe the generator inductance as a time varying inductance. They

differ in their description of the resistance; some describe it as a

tire varying resistance while others describe it P a conptant.

Time Varyn Inductance. Inductance varies as a function of the

dimensions of the system. During the compression process, the metal

plates are explosively driven together. This drastically alters the

dimansions of the system and hence the system inductance. Through a

change of variables, this dimensionally changing inductance can be

modeled as a time varying inductance (7:147;8:334).

Time Varying Resistance. Experts generally agree that, as a

minimum, resistance is a function of resistivity, temperature, and

path length (8:334;9:554). Resistivity and temperature are

interrelated. As long as the metal plates do not liquify, resistivity

can be described as a lineat function of temperature (10:393).

p = pq(l + k6) (2-1)

where

po is the resistivity of the plate at room temperature

k is a constant equal to 10- / C

e is the temperature in 0C

A method must then be determined to describe how temperature changes

with a known variable. Because the thermal diffusion process is much

slower than the magnetic diffusion process, temperature can be

described strictly &a a function of the magnetic flux density (1:74).

9
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I

e XB 2  (2-2)

where

X is a constant equal to 1170OC/(MG) 2

B is the magnetic flux density in megagauss (10:392)

As MCG operation progresses, the magnetic flux is compressed. (A

detailed discussion of how the magnetic flux is compressed is contained

i Chapter III.) This means that the magnetic flux density and hence

thL resistivity can be made a function of time through a change of

variables. Additionally, the path through which the current flows

changes during NCG operation. %y using the familiar expression

R -LP (2-3)

where

p is resistivity

Z is path length

A is cross sectional area

The resistance of the plates, Rv, can be defined as a function of tiae.

The process of magnetic flux diffusion is modeled in the

equivalent electrical circuit approach as a time varying resistance

(1:185). By using a skin layer method, a time varying resistance

modeling flux diffusion is defined as

1

R O- 1 (2-4)

10



where

O0 is conductivity

.O ins mAgnetic permeability

T is a characteristic time defined by

H
T N 0.(-5)

Because T is a function of time, magnetic flux diffusion can be

modeled as a time varying resistance.

Constant Resistance Model. Experts who model the resistance as a

constant during MCG operation r,.alize that resistance does in fact

change with time. These changes ara small and linear. Thus, they can

be modeled as an average resiutance (1:83);ll:DI-8-3). In this

manner, resistance can be modeled as a constant.

Empirical Modling,

Empirical models are based on experimental data. Knoepfel

suggests that a loss mechi'ýism not modeled by previous methods is a

slipping contact loss. Slipping losses occur when plate compression

is incomplete and flux is trapped between the plate.s. For the AFWL

generator, this slipping loss occurs on the surfaces shown as a d rk

line in Figure 2-2.

IAN Figure 2-2. Slipping Loss Surfaces
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Along these surfaces, "Ale empirical model claims flux is lost at a

rate of

d"-2sv pH (2-6)
dt- vAH

where

a is a mean depth of ripptes in the slipping rurfaces

v it, t. e detonation velociL' shown in Figure 2-2

lao is the magnetic permeability

H 'a the magnetic field

In a manner similcr to that of Knoepfel, it has been determined tnat

-o (C(t)) C (2-7)

whee I* is the initial current in the generator

"(t) is the flux compre Aion factor determined in Chapter III

a is the .ean depth of the ripples

d is the initial plate separation

In this manner, an output current can be determined.

A second ewpirical method to account for additional losses adjusts

the time ,!,4rying inductance of the generator predicted by the

resistance model. This additional inductance Lex is &dded to the total

time varying generator inductance.

LGen(t) - LG(t) + Lex(t) (2-8)

where LG(t) is the time varying inductance predicted by tht Gurney

method. Lex(t) can be either negative or positive in value. A

12
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p•

* -negative value indicates a faster flux compression and smaller time

varying inductance. A positive value indicates a slower flux

compression and larger timn varyiag inductance.

Finally, the generator's performance can be empirically modeled

by calculating a flux trapping efficiency.

Ideal Flux Present - Flux Lost X 1001 (2-9)
Eff - "Ideal Fiuz Present

The ideal flux present is the initial flux present vhen generator

operation begins. The flux lost is all flux lost regardlesm of the

loss mechanism.

'V1
%'.
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III. Computer Model

Five basic models were developed to described MCG operation. Two

of these modelao the flux conserved model and the time varying

resistance model are theoretical equivalent circuit models. The

remaining models, the sliding contact loss model, the changing area

lose model, and the efficienc" model are empirical models.

All models are derived from the flux conserved model. The models

are capable of describing operation for both rectangular and

trapezoidal geometry strip generators. A detailed description of the

program inputs, outputs, and the program itself can be found in

Appendix A.

Theoretical Models

Flux Conserved Model. The flux conserved model uses an equivalentI electrical circuit approach to model the HCG's operation. This model

assumes that there are no flux diffusion losses and that the metal

plates are perfectly conducting so that the circuit has essentially no

resistance. The circuit relationship is then

•(LI) - 0

The current solution at any time. t, is then given by

I(t) - L-(O) (3-2)

F

14
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where

L(O) and It are initial conditions at t"O

L(t) is a time varying system inducLance

With no losses, the MCG oesration may be modeled completely by a

time varying inductance. For this particular circuit, there are three

inductances, the generator inductance, LG, the load inductance, LL,

and the throat inductance, to. The throat inductance is the inductance

of the small transmission line connecting the generator to the load.

Both LL and t0 are assumed to be constant.

The generator inductance varies with time. The change in

inductance results from the conversion and partial transfer of chemical

energy of the explosive to the kinetic energy of the top metal plate.

Rather than using a complex computer code to derive this energy

transfer, this computer model uses the Gurney method which provides a

quick, accurate approximation of the energy transfer.

The Gurney method is based on energy and momentum balances and

can be used to describe a large variety of gemoetries. For the strip

generators, the top plate, explosive, and tamper can be modeled at an

as.,etric sandwich as shown in Figure 3-1.

Tamper

Explosive

Top Plate

Figure 3-1. Asymmetric Sandwich

15
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In this particular configuration, the velocity imparted to the metal

"is described as

1 i + Ai t + N A' -/2I (3÷3)
=+ c

where

ARE is the Gurney energy for tho particular explosive

1C is the tamper mass to explosive mass ratio

is the metal mass to explosive mass ratio

M
A is a constant defined by + (6:8)

As the explosive burns, the top plate is driven to the bottom plate

as shown in Figure 3-2.

A v

0 e --, -

VA

ti t2

Figure 3-2. Compression of Generator

16



The angle, A, shown in Figure 3-2 is known as the Gurney angle. The

Gurney angle is defined by the following equation

0.sin- M (3-4)

where

v is the metal velocity from Eq (3-3)U

vA is the detonation velocity of the explosive (6:27)

Using the detonation velocity, the Gurney angle, and simple

geometry, a time varying area can easily be calculated. Generation

operation ceases when the top plate of the generator touches the jet

catcher as shown in Figure 3-3.

Top Plate

I6

Jet Cat:&

Figure 3-3. Ganerator Ceasation

17
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Using this time varying area, the time varying inductance is easily

calculated using

L(t) - 1.2566371 AMt) (3-5)
w

where

A(t) is the time varying area in M 2

W is the plate width in m

Because the program allows for the width of the plate to vary, L(t) is

-, I1 calculated incrementally.

Once the time varying generator inductance is calculated, the

system inductance can be defined as

*' L(t) - LG(t) + to + (3-6)

The flux conserved solution to Eq (3-2) is then

L((O) + to + LL (3-7)
1Ide a l) " lo LG(t) +-•o + LL

From this ideal current the magnetic field and magnetic flux density

are easily found using

-t Ieal - W (3-8)

and

B(t) - lioH(t) (3-9)

Time Varying Resistance Model. The time varying resistance model

also uses an equivalent electrical circuit approach. It assumes the

18
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only resistive mechanisms are flux diffusion and plate resistivity.

The circuit relationship is then

d-(LI) + IR a 0 (3-10)

The current solution at any time is then

L(O) /R(t)
I(t) = IQ V eall

where

L(O) and I0 are initial conditions at tnO

L(t) is the time varying system inductance

R(t) is the time varying system resistance

L(t) has been described in the flux conserved model and the

mechanism for its generation is identical in the time varying

Sresistance model. In this particular model, it is assumed that all

resistive mechanisms are described by the resistivity of the copper

plates or as an equivalent resistance due to flux diffusion.

Plate resistance is described by the well-known relationship

R = (3-12)p A

where

p is resistivity

I is path length

A is cross sectional area in which the current flows

As metal heats, its resistivity changes. As long as the plates

remain solid, this change can be approximated by the linear function

p po(l + ke) (3-13)

19
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where

P. is resistivity at room temperature

k is a proportionality constant (-10-3 /C)

0 is the temperature in 0C (10:393)

A method must then be used for, describiug how the temperatuire changes

with time. A reasonable approximation for temperature below melting

point is

a = XB2  (3-14)

where

X" 1170°C/I(1)
2

B is the magnetic flux density in megagauss (10:392)

X is a function of the specific heat, Cp, and the magnetic

"permeability,, U0. Resistivity can then be described as

p(t) - po(l + kXB2 ) (3-15)

The path length also varies with time. As the generator is compressed,

the path length decreases. By using simple geometry and the Gurney

angle, a time varying path length is calculated. The cross sectional

area of the plate is defined as

A - Wd (3-16)

where

i W is the width of the generator

d is the depth of penetration of the magnetic field

20
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d is defined as

d - 24 ',ot (3-17)

where

K- R and p is defined in Eq (3-13)

t is time

Coupling all these time varying functions together rest -a in a piece

vise continuous time varying Rp(t).

During generator operation, a portion cf the flux diffuses into

the conductor. By using the skin layer method described in Knoepfel

(1:184-186), the flux resistance could be modeled as a time varying

resistance by

Rd =(3-18)

*0
where

p is the resistivity described by Eq (3-13)

as is a magnetic skin depth

3 is defined as

s•, rKo (3-19)

q where

I T = based on the ideal magnetic fields
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Coupling these time varying functions together results in a time

varying Rd(t). The total system time varying resistance is then

described by

R(t) - R p(t) + Rd(t) (3-20)

The resistance model solution to Eq (3-10) is then

Res LG(t) t.o + eLL e LG (t) + to +d

Integration is done using the trapezoidal approximation. The magnetic

fields are found in a manner identical to that of the ideal case

substituting 'Roo for 'Ideal'

Empirical Models

Empirical models were developed when it was discovered thAt the

resistive loss mechanisms were not the primary loss mechanism. Each

of the following models uses a different approach to attempt to model

the additional loss mechanism& occurring in the generator.

Slidin Contact Model. In a manner similar to that of Knoepfel

(1:189-191), an empirical model for slipping contact losses was

developed. Knoepfel accounts for all losses with his sliding contact

loss. The sliding contact model developed herein assumes the loss

mechanisms are resistive losses and sliding contact losses. The

sliding contact lose mechanism is due to flux trapping when two plates

are driven together and the plate surfaces do not come together

smoothly.
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\~.4 *..-It was assumed that the slidin~g contact current could be

described by

-2s.

I slip (tM 1 C (3-22)

where

10 is the initial current

I Ros (t) is the time varying current using the resistive model

a is a mean rippl~e depth

d is the initial plate separation

Solving Eq (3-21) for a yields

Uigexperimental data, 4(t) was calculated for each test using

the actual current in place of I.H. (0). These curves were linearized

using three times during generator operation. These times are shown

in Figure 3-4. The first match point corresponds to when the top plate

has completed its run doL.A the cutting wedge and begins to compress

Jb against the bottom plate. The second match point corresponds to when

wedge. The final match point occurs when the maximum experimental

output current is reached.

The ripple depth at each match point is calculated from Eq (3-23),

and the ripple depth at any point between the match points is found

through linear interpolation. From the sets of data, best and worst

case slipping losses were modeled. I M t is then calculated using
slip

Eq (3-21) and the experimentally derived, computer linearized ripple

23



depth, e(t). The magnetic fields are again found in a manner identical

to that of the ideal case substituting IIdeal with Islip*

U

4.-,

"4)

Point 1

S~Point 2

ý4

4 Point 3

Figure 3-4. Slipping Model Match Peints

Caan Area Loss Moe. Since the ripple depth, a. could not he

tied to any known parameter, a changing area lose model was developed.

This model assumes that the changing inductance derived from the

"'24
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•!. Gurney approximations may be incorrect. It assumes that the generator

inductance can be defined as

L (t)i= L (t) + Me (t) (3-24)Gen Gex

where

L (t) is the generator inductance calculated from the Gurney
G

approximations

L ex(t) is an additional inductance caused by incomplete Gurney

compression

If we replace LG(t) in Eq (3-21) with L Gn(t), the principal effect

is to decrease the flux compression factor, y(t).

LQ(O) + I. +

y(t) - (3-25)L~t =-Gen(t) + 1o + L(-)

0Because LG(t) is determined by a changing area, so too is LGen(t).

This model assumes that the changing area current can be described by

LG(O) + tLe + LL
Icara(t) - L('t+) L e•(t) + to '

exp tad~) R d(t) 1dtexp dtj(3-26)

Solving Eq (3-26) for Lex(t) yields

L (t) o L GL(O) + ,o + LL
Lezt I T, Carea(t)

exp Y R dt (LG(t) + o + LL) (3-27)
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*Using experimental data8 Lsx(t) wva calculated for each test using
the actual current in place of I Cart(t). Once calculated, a changing

area was calculated using Eq (3-5).

L (t)W
eex

This changing area was then graphed for analysis.

Efficiency Model. In a manner similar to that of Fowler, a flux

"trapping efficiency model wae developed (12:26). Using the well-known

relationship for flux of

* * LI (3-29)

a time varying * was developed. In this model, it is assumed that

LG(t) from the Gurney calculations is a valid representation of the

time varying inductance. This model makes no attempt to physically

explain where or why the flux loss occurs. It models all losses,

whether due to slipping or due to inaccuracies in the Gurney derived

inductance as a time varying flux trapping efficiency. This flux

trapping efficiency is defined by

S-((3-30)

where

*o is the initial flux in the system

*(t) is calculated from test data

'2
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This efficiency is smoothed out and linearized and a beat and worst

case efficiencies are determined. An efficiency current is then

determined using

Iiff(t) - Resl(t) (3-31)

The magnetic fields are found in a manner identical to that of the

ideal case substituting Ildeal with :h Bff.
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" IV. Experimental Apparatus

c rxperimRant to validate the computer model were conducted at the

Air Force Weapons Laboratory explosive test facility located on the

McCormick Ratnge at Kirtland AFB, New Mexico. The major components and

diagnostic equipment used in the magnetocumulative generator tests are

described in detail in this chapter. The major components consist of

the capacitor bank, the solid dielectric explosive closing switch.

the fire control system, the transmission line, and the HCG and load

coil (See Figure 4-1). The primary diagnostic devices used in the

experiments were Rogowski coils, voltage probes, and oscilloscopes.

Major Components

Capacitor Bank. The capacitor bank provided the initial feed

current to the NCG. The bank consisted of fifty 6.1 pF 60 KV

capacitors connected in parallel to yield a total nominal capacitance

of 305 1F. Charge voltages between 15 KV and 45 KV were used. The

bank wa charged by a Maxwell Laboratory charginug system and discharged

into the transmission line and MCC through a solid dielectric closing

switch.

Closing Switch. The closing switch used during the experiments

was a solid dielectric explosive switch. The switch consisted of two

6 foot long by 8 inch wide by 0.5 inch thick steel plates. The

connection of the closing switch to the transmission line and

capacitor bank is shown in Figure 4-1.

One of the plates was connected via the solid inner conductors of

numerous parallel coaxial cables to the capacitor bank. The other

28
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% plate was attached to the top of the transmission line and could be

pulled back to facilitate cleaning and rebuilding of the switch.

Sheets of mylar sandwiched between the two aligned plates acted as

the solid dielectric insulation for the switch. A 1 ail thickness of

mylar was used for each 1 KV of potential across the plates. Plate

separation was determined by the number of sheets of mylar required

for the test voltage applied.

Before each test, two RP2 PETN explosive shaped charge detonators

were placed into 0.5 inch holes which were drilled along the top edge

of the plate connected to the transmission line. Closing of the switch

occurred when the two detonators were fired, rupturing the mylar

insulation and allowing breakdown of the switch. The capacitor bank

tLen discharged its energy through the switch int3 the transmission

line and the MCG.

Because of its destructive nature, the switch required rebuilding

after each shot. Rebuilding consisted of replacing the mylar sheets

between the plates, replacing the detonators, and reconnecting the

detonation lines to the X Units.

jjri System. The firing systems consisted of two TRW Model 64A

Trigger Delay Generators and a Los Alamos National Laboratory X Unit.

The trigger delay generators provided a variable time delayed output

pulse to fire the X Unit and trigger the other diagnostic equipment.

The X Unit provided the current pulse used to fire the detonators in

both the switch bunker and the explosive on the NCG.

Transmission Line. The transmission line consisted of two

parallel plates of 60 mil aluminum, 40 feet long and 4 feet wide.

30
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l .This length allowed the feed current to be delivered to the MCG at a

safe distance from the bunker and switch, avoiding damage to the

switch during the MCG explosions.

The two aluminum sheets are separated by twelve sheets of 5 mil

thick 6 foot wide mylar. This allows for a hold off voltage of 60 KV

at 1 mil per kilovolt. The total insulation thickness of 60 mils

results in a line capacitance of

C - eA/d

- 0.26 hF

Since CLine << CBank9 CLine was neglected in all circuit calculations.

The plate edges were further insulated against edge field enhancement

effects by the placement of 0.5 inch diameter tygon tubing between the

sixth and seventh sheets of mylar along the edge of the entire length

of the line (3).

Because the end of the tranomission line was connected directly

to the MCG, it was destroyed with each test. To avoid replacing the

entire transmission line , 6 foot long by 4 foot wide end pieces were

bolted onto the end of the line using clamping bars to ensure good

electrical contact. Sandbags protected the clamping bars during the

explosions. Following each test, the end pieces and final sections of

mylar were replaced.

Dieanostics

Rogowski Coils. Rogoweki coils provide a means to measure the

derivative of time varying high currents, responding only to the

current passing through the coil loop (13:180).
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Four Rogowski coils were used for each test, laced as shown in

Figure 4-2.

Switch Bunker

J I ~~~MCG and Load ---.--

D I
RD R i

R R

switch
Voltage Load
Probe Voltage

Probe

Figure 4-2. Placement of Test Diagnostic Devices

Coils A and B were used to measure the load current derivative.

Coil C wasn used to measure the feed current derivative until

crowbarring occurs and Coil D, located in the switch bunker, measured

the derivative of the return current of the transmission line.

Both handwound and etched Rogowski coils were used.* The handwound

Rogowski coils provided a 1 volt signal for every 109 A/sec present

while the etched Rogoviki coils provided a 1 volt signal for every 10 10

A/sec present. Coil A was etched, while coils B, Cs and D were

haudwound.
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"-, To enhance coil survivability during the explosion, all four

Rogovski coils were placed inside through tygon tubing. Coils A, B,

and C were destroyed during each test and had to be replaced prior to

the next shot. Coil D remained undamaged throughout the explosion and

thus provided a uniform means to compare the input parameters from

test to test.

The current derivatives from coils A. B. and D were actively

integrated using Textronixi Type 0 Operational Amplifier integrators.

The output from these integrators was fed into oscilloscopes and

recorded on film.

Volt&&a Probes. At least one voltage probe was used in each

experiment; the one located in the switch bunker was used to measure

the voltage across the switch. In the experiments where a MCG load

coil of 10.31 nE was used, a second voltage probe was connected to the

load coil to measure the voltage across the load dvring the operation

of the CEG. The voltage probes consisted of resistive dividers to

measure voltage and were connected as shown in Figure 4-2. In both

voltage probes, the tvo resistors were filled with a copper sulfate

solution with copper electrodes sealing each end. The copper sulfate

solution was adjusted to give a nominal resistance of 20 KA. Coaxial

diagnostic cables fed 1he signals to 50 Q terminators across the

oscilloscope inputs. Therefore, a 2.5 volt signal was measured at the

oscilloscope for every 1 KV across the switch or load coil. The outer

cable shields were shorted together at the resistors and at the

oscilloscope inputs to balance any induced shield currents. The two

signals from each probe were then connected to a differential amplifier

•" which eliminated any common mode signals (13:182).

33



Oscilloscopes. Data from each test was recorded on fourteen

Textronixa 7603 oscilloscopes. Four oscilloscopes recorded signals

generated from each load Rogowski coil with two recording dI/dt and two

recording the integrated current waveforms. Two oscilloscopes measured

the differential voltage across the load when the 10.31 nH load was

used. One oscilloscope was used to record the line dI/dt from coil C.

Another oscilloscope recorded the line dI/dt from coil D. Two other

oscilloscopes recorded the integrated current from coil D and the

differential voltage across the switch. The data from each of the

oscilloscopes was recorded by Polaroid cameras which were triggered by

the delay generators.

w
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V. 1x&erimental Procedures

Five strip geometry magnetocumulative generator experiments,

re•arred to as MCG shots, were performed in order to obtain data with

which the computer model could be compared and validated. Prior to

every NCG shot, two preliminary experiments were conducted. The first

of these, referred to as a line short shot was required to obtain ele-

ment values for the equivalent circuit of the capacitor bank and

transmission line. The second, referred to as a HCG short shot, was

conducted in order to calibrate the diagnostic Rogovski coils which

would be used during the actual NCG shot. This chapter describes in

detail the general procedures that are comon to all three of these

shots. It then describes the experimental procedures which are unique

to the line short shot, the MCG short shot, and the NCG shot.

General Procedures

Prior to each shot several experimental procedures coinn to all

shots were performed. These procedures include diagnostic line tests,

X Unit and detonation line tests, and preparation of the oscilloscopes.

Diagnostic Line Tests. To preclude the loss of experimental data

due to faulty diagnostic lines, theme lines were tested prior to each

shot. A repetitive train of pulses from the TRW Delay Generators was

delivered to the NCG connection end of the transmission line via a test

line. This test signal was connected to each diagnostic line in turn.

The return signal was then monitored on an oscilloscope to insure that

the line was operating reliably prior to being connected to a Rogowaki

coil or voltage probe.
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X Unit and Detonation Line Test. Prior to each teat, the X Units

and detonation lines were tested for reliable operation and timing.

Blown bridge wires were attached to the detonation lines to simulate

detonators during the test. Using a pencil, a carbon path was marked

between the two terminals where the bridge wire was originally

connected, providing a path for breakdown when the X Units fired. The

resulting flash and distinctive pop accompanying this breakdown gave

clear indication that the X Units were operating correctly.

Preparation of the Oscilloscopes. Preparation of the

oscilloscopes prior to each shot included calibration, setting of

graticules, and setting of baselines. Once the scopes were calibrated,

the graticules and baselines were adjusted to levels which would

ensure clear data recording of measured signals with cameras.

Just prior to the shot, the shutters of the Polaroid cameras were

opened to record the graticules. The graticules were then turned off

to prevent them from being recorded again during the shot. As the
capacitor bank was being charged, the shutters were opened one final

time in order to record the data signals. The TRW Delay Generators

were coordinated with the data signals from the various Rogowski coils

and voltage probes.

Line Shor. Shots

A total of four line short shots were performed to determine

circuit element values for the equivalent circuit model of the

capacitor bank, switch, transmission line, and connections. This

section describes the line short shot and the general procedures to

S.:-.. obtain these circuit element values.

N6.~
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For line short shots the ends of the transmission line where the

)ACG would later be connected were shorted together giving rise to the

n line short shot. The two load Rogowski coils and the end of the

line current Rogowaki coil were looped around the shorting bar at the

end of the line.

The capacitor bank was charged and then discharged through the

switch and the transmission line. This resulted in an exponentially

damped sinusoidal waveform (See Figure 5-1).

e-at

Figure 5-1. Typical Short Circuit Plot

The only known values in these experiments were the bank

capacil-.:ee, CBank, and the charge voltage, V0. All other capacitances

were j.--.,.ected because they were much less than CBank. The period, t,

was determined directly from the oscilloscope traces.
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The solution to a time invarient RLC circuit is vell-known (1:132).

A least squares fit was done to determine the exponential damping

factor, •* shown itt Figure 5-1. Knowing T, C. and a, the circuit

inductance was calculated using

T - 2wwr
. . ( 121/2

- 2w/{(wo) 2 
-C)

1
where wo MC

yielding

L - T2 /C(4w' + -m 2) (5-2)

and the circuit resistance was determined by

R = 2(%L (5-3)

In MCG work, the input circuit is crowbarred away from the

generator after the first quartes cycle at IPeak. A comparison of the

values of IPeak and the quarter cycle time usiag the time invariant

RLC solution and an approximate LC solution showed that R could fie

neglected without significant loss of accuracy.

MCG Short Shots

This section describes in detail the NCG short shot and the

general procedures for calculating the total system inductance and the

sensitivities of the Rogowski coils. A minimum of one MCC short shot

' was performed prior to each W.G shot. For a successful WEG shot, the

"entire system must operate reliably. When one part of the system was

found to have a problem, it was fixed or replaced and another HCG
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short test was performed. For this reason, as many as four MCG short

shots ware performed prior to one actual NCG shot. These shots provide

a final test of the entire system to ensure all components were

operating correctly.

These shots provided oscilloscope traces of the current outputs

from which the total system inductance would be determined. They also

provided dI/dt traces from each Rogowski coil so that their sensitivi-

ties could be experimentally determined prior to the actual MCG shot..

For the MCG short shot, the HCG was bolted to the end of the

transmission line in the same manner as for the actual shot. The only

differences were the lack of explosive on the generator and the place-

ment of the load voltage probe. The two load coil Rogovski coils were

placed through the load coil and the end of the line return Rogowski

coil was placed around the bottom return transmission line's plate at

the connection to the M•G. For the actual MCG shot, these were moved

to the load coil.

The capacitor bank was charged to 15 KV for each MCG short shot.

The capacitor bank was then discharged through the switch, transmission

line, and the HCG. This again resulted in a damped sinusoidal waveform.

The oscilloscope traces from the 14CG short shot were used in order

to determine the total system inductance of the capacitor bank, the

switch, the transmission line, connections, and the MCG. The period,

T, of the damped sinusoidal waveform was read directly from the traces.

With a known bank capacitance and neglacting system resistance,

the total system inductance could be determined using

T 2'trLTCBank
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.; ,.• which when solved for the inductance yields

LT 0 Tl/4n2C~an (5-5)

Oscilloscope traces of dI/dt from each Rogowski coils were used

to experimentally determine the sensitivity of the Rogowski coils which

would be used during the succeeding MCC shot. Knowing the capacitor

bank charge voltage, V0 , the total inductance, LT, and neglecting

system resistance, the maximum dI/dt is given by

"-dl =-. (5-6)

Measuring the maximum voltage of the dI/dt trace, the sensitivity

of the Rogoweki coil is given by

dI

Sensitivity = -•/Vmax (5-7)

With the integrator time constant, TI, the sensitivity of the

Rogowski coil and the voltage peak of the integrated dI/dt trace, V,

'Peak was calculated using

'Peak - VP X Sensitivity X TI (5-8)

This 1 Peak was then compared with the value predicted by the time

invariant RLC solution as a check of the integrators. This procedure

was performed for each coil to be used during the actual )JCG shot.

MCG Shots

A total of five MCG shots were performed to obtain data for

validation of the computer model. This section details the set up,

' •' procedures, and input conditions for each of these shots.
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The explosive used in all shots was DuPont Detasheet. As

described earlier in this chapter, the total system inductance as well

as the sensitivities of the Rogowoki coils were determined during a

MCG short shot just prior to the actual MCG shot. The total inductance

varies with the length of the transmission line end pieces and the

connection to the MCG, After the MCG short shot, the X Units and

detonation lines were once again tested, the switch rebuilt, and the

oscilloscopes prepared. During this period of time explosives are

readied on the MCG by contractor personnel from the Civil Engineering

Research Facility (CnRF). Each generator is identical except for the

size of the load coil. For three shots the load coil had an inductance

of 10.31 nH. For two shots, a smaller load was used; one had an

inductance of 0.2213 nH and the other had an inductance of 0.5701 nH.

The MCG was placed on a plate of one inch steel which was separated

from the MCG by several sheets of mylar. This steel plate is placed

on a bed of cinder blocks. A smaller 40 inch long by 8 inch wide by

3/16 inch thick steel tamper is placed on top of the explosive for

every shot. The amount of cement tamper placed on this steel sheet,

as well as, the bank voltage varied from shot to shot. Shown in

Table 5-1 is a summary of the input conditions for the five MCG shots.

41



Table 5-1

Summary of Input Conditions

Explo-
give Steel Cemnt

Weight Weight Weight LLoad
Teat V(KA) L (nil) I (KA) (lb.) (lbs) (lb.) (na)

1 44.88 499.500 1100.00 1.85 4.911 5.0 10.31

2 25.00 437.700 294.00 8.16 4.911 20.0 10.31

3 25.40 487.693 630.00 5.90 4.911 10.0 10.31

4 27.70 540.380 652.00 7.37 4.911 20.0 0.5701

5 24.99 487.690 620.00 6.40 4.911 15.0 0.2213

4420A
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VI. Results and Conclusions

This chapter presents the results of the computer models and

compares then with the experimental data. In addition, it includes

recommndations for further study.

Results

The goal of this study was to develop a computer nodal of the

strip geometry MCG and to validate it through actual NCG shots. The

primary criterion for evaluating the computer model was the model's

ability to reproduce the current curves produced by actual HOG

experiments. Accurate reproduction of these curves indicates that the

computer program should be able to reliably predict the current curves

for future rests. This section shows the results of the actual 14CG

shots and compares then with the results of the computer models.

A total of six experiments were conducted using the AFPL strip

HCG. Five of these experiments were successful. The unsuccessful

experiment was caused by a destructive failure of one of the capaeitors

in the capacitor bank. The results of the five successful shots are

summarized in Table 6-1.

A plot of the actual current from the first experiment in shown

in Figure 6-1. Actual currents from the remaining tests are contained

in Appendix B. In four of the tests, crowbar occurred at or near IPeak

of the sinusoidal input current where dI/dt is equal to zero. In the

second test, the generator crowbarred late resulting in an input

current of 294.0 KA. Input currents varied from 294.0 to 1100.0 KA

while output current peaks varied from 2210.0 to 10261.0 KA.
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Table 6-1

Suumry of Results

Maximum Output Current Amnpli-
Input Cuzrent (KA) fication Factor

Teat Current (KA) Ideal/Actual Ideal/Actual

1 1100.00 15188.6/6928.0 13.81/6.29

2 294.0 4128.7/2210.0 14.04/7.50

3 630.78 8715.3/5355.0 13.82/8.50

4 652.66 35646.0/10261.0 54.62/15.75

5 620.05 29556.4/6031.0 47.68/9.73

Copue Model Results. Based on the input parameters the

computer program calculates and prints the currents predicted by each

of five models: the flux conserved model, the resistance models the

U sliding contact loss model, the changing area model, and the efficiency

model. The results of these models are beat described in terms of how

well they correspond to the actual experimental data. The results are

considered individually.

Flux Conserved Model. The flux conserved model calculates the

output current as if no losses occur. The current is a function of

only the time varying inductance, which in -%Urn is a function of the

detonation velocity aud the Gurney angle. The time varying inductance

which corresponds to a Gurney angle of 5.60 from the first test is

shown in Figure 6.2

The flux conserved current versus tlixe test current for the first

test is shown in Figure 6-3; the curves for the remaining tests are

shown in Appendix B. Points 1, 2s and 3 from Figure 3-4, corresponding
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to key generator operation points, are shown in this figure. A

comparison of these two curves show that the flux conserved model

provides a good approximation of the actual currents for the first 50Z

of generation. Because the flux conserved model neglects all losses,

these plots show that for the first 50Z of operation, the system is

basically lossless. During the last 50Z of operation this model

predicts higher currents than those actually present. This indicates

the presence of loss mechanism which must be accounted for to obtain a

complete model of the generator.

Resistance Model. The resistance model theoretically calculates

the losses due to the plate resistance and flux diffusion equivalent

resistance. A plot of the time varying resistance for the first test

4• is shown in Figure 6-4; curves for the other tests are shown in

Appendix B. A plot of the time varying resistance model'n current

versus the test current for the first test is shown in Figure 6-3.

These plots clearly indicate that plate resistance and flux

diffusion resistance play only a limited role as loss mechanisms.

Resistance effects are negligible during the initial 50Z of generator

operation, again indicating the system is essentially lossless during

this time period. During the final 50% of operation, the tim varying

resistance predicts a current about 1Z lover than that calculated by

the flux conaerved model.

An exuaination of the resistance shows tbat the plate resistances

exceed the flux diffM.s.on equivalent resistances by two orders of
.N%

magnitude throughout generator operation. Thic indicates that flux

diffusion plays only a minor role as a loss mechaniu.
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The resistivity which would be required were resistance alone to

- account for all losses in the generator's operation was calculated.

This resistivity was found to be at learnt two orders of magnitude

larger than the resistivity of vaporized copper. Since the magnitude

af the ideal B fields was not sufficient to cause surface vaporization,

a resistance this large vas not reasonable. The resistance model's

poor prediction during the final 50Z o. the generator's operation shows

that additional loss mechanisms must be considered.
Slidina Contact Model. Unlike the flux conserved and resistance

models, the sliding contact model is based on empirical data. A time

varying mean ripple depth, a. was determined for the first three

experiments with a load inductance of 10.31 nH. A plot of the s curve

ýv for the first experiment is shown in Figure 6-5, while the s curves

Ah for the second and third tests are presented in Appendix Bo Points 1,

2, and 3 from Figure 3-4, corresponding to key generator operation

'--N points, are shown in this figure.

The bubble height gives a measure of how much flux is lost due to

the sliding losses. Since s could not be linked to any parameter, a

best and worst case sliding contact loss model was developed. Plot@

of the slipping lose model's best and worst case currents versus the

test current. for the first test are shown in Figure 6-6 with plots for

later tests in Appendix B.

A comparison of these curves sbows that the ranges described by

the curves are reasonable. All test currents fall between the best and

worst case curves of the slipping loss model.

Changing Area Lose Model. Instead of modeling the additional

K> losses as the bubble height, this model assumes that the Gurney
1-.4
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approximations for the changing inductance are not valid. Figure 6-7
shows a plot of the additional area which must be added for the model

current to match the experimental current. Points 1, 2, and 3 from

Figure 3-4 are shown on this figure. Figure 6-8 shows the Guruey

based area, the additional area, and the sum of these areas; similar

curves for the second and third test are contained in Appendix B.

Negative areas indicate that flux compression is occurring faster

than that predicted by the Gurney approximations based time varying

inductance. This occurs early during generator operation. Positive

areas indicate that flux compression is occurring slower than that

predicted by the Gurney approximations. This occurs late during NCG

operation. A momntum balance during this time period shows that the

momentum of the metal plate due to the explosive initially is orders

0 of magnitude larger than the momntum of the metal plate due to magnetic

pressure. By the time the top plate has started down the jet wedge,

the two r intume are essentially equal with the explosive momentua

always slightly larger. This means the Gurney approximations are

probably not valid during the final microseconds of generator operation.

Beat and worst case changing area models were developed. The

best and worst case changing area model currents for the first test are

shown in Figure 6-9 while similar curves for the remaining tests are

contained in Appendix B. A comparison of these curves shows that the

experimental currents fall between the best and worst came curves for

the first and third tests. The two curves are a bit higher than the

experimental current for the second test.
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Flux Trapping Efficiency M~odel. This model considers the flux

trapping efficiency without regard to the flux loss mechanism. A plot

of the efficiency for the first test is shown in.Figure 6-10 and

similar curves for the remaining tests are in Appendix 3. Points 1,

2, and 3 from Figure 3-4. corresponding to key points in generator

operation, are shown in this figure.

ý': ý111In each test, the efficiency remains better than 90Z for the first

half of generator operation. The values greater than 1001 in the first

than that predicted by the Gurney approximations. During the next 252

of generator operation the efficiency drops to approximately 802.

During the final 20 microseconds, severe losses occur. The final

efficiency ranges between 50 and 60 percent.

The curves from the first three experiments were used to generateI , a best and worst case efficiency model. The plots for the best and
worst case currents for the efficiency model for the first test are

shown in Figure 6-11.* Curves for the remaining experiments are

presented in Appendix B. At the end of generation, the final currents

V.N, in each test fall well within the predicted range indicating that the

efficiency model is reliable.

General Results. All the models reliably predict the generator

output for the first 50Z of generator operation. Beyond that point

only the empirical models can predict the current values. Based on the

experimental data, the computer model can reliably predict the range

of output currents.
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Conclusions

Several conclusions can be drawn:

1) The computer model can predict the generator output current

veliably during the first 501 of operation. it can also predict the

tanges in which the final maximum output current will fall;

21 The losses during the initial 501 cf generLtor operation can

be neglected and the generator may be considered lossleas for this

period;

3) Ths plate resistance-and flux diffusion resistance account

for only a minor portion of the lose mechanisms, in generator operation,

4) The empirical models show that the flux aompresaion described

by the Gurney approximations ie. nct totally accurate;

5) Losses are severe during the final •ments of generator

operation; and

6) The validation experiments show that the stri, MCG is capable

of dslivering large currents over a relatively long period of time.

Recume-ndations

Based on the work performed for this thesis several recommendations

can be made. These include:

1) Comput&c validation of the trapezoidal portion of tha computer

program has never been accomplished. Thig portion of the program

should be validated;

2) The empirinal models are based on the results of only three

tests. Further tests should be conducted to further validate them or

to refine their accuracy;
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3) Strip generatoza other than the APUL MCG should be used to

further validate the models (for example, different materials or

dimensions);

4) Because the loss mechanisms in bellows generators are similar,

the computer program should be expanded to include this geometry MCG;

.'-.25) Because the generator drives a low inductance load, the use

of transformers to drive capacitive and resistive loads should be

investigated and perhaps incorporated into the computer program;

6) Due to the momentum balances performed, tapered explosives

should be considered to overcome the intense magnetic pressure as

generator operation draws to an end;

7) When high magnetic fields and high currents were present, the

load coil was visibly deformed; it opened up. This effect should be

included in the computer program;

8) High speed photographs of generator operation should be done

to gain a better understanding of how the inductance actually changes

with time;J

9) Explosive type and plate material should also be varied to

further validate the computer model; and

10) Due to the intense magnetic pressures present near the end of

generator operation, a momentum balance should be incorporated into

the computer program.
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Appendix A

"This appendix descrihes the computer program. This program is

vritteu in FO~tRAN V. The inputs to the program are best described

by Figure A-i.

*-77

7Top

TPTW

Side

CWTL JT

_ _ _ _ _ ilT _.

JCL

Figure A-1. Cow~p ater Inputs
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"Inputs

TPPW is the parallel width of the top plate. TPTW is the

trapezoidal width of the top plate at the edge. TPT is the plate

thickness. TPTL is the trapezoidal length of the top plate. TPL is

the total length of the top plate. TTH is the height of the trough

N of the top plate. BPL is the length of the bottom plate. CWH is the

height of the cutting wedge. CWTL is the length of the top of the

cutting wedge. CWRL is the length of the bottom of the cutting wedge.

JW• is .he length of the top of the jet wedge. JWBL is the length of

the bottom of the jet wedge. JCL is the length of the jet catcher.

TNT is the throat thickness at the jet catcher. TTW is the width

of the steel tamper. TTT is the thickness of the top steel tamper.

TTL is the length of the steel tamper. EXPL is the weight of the

explosive. ClE is the weight of the cement brick tampers. VOLT is

the capacitor bank voltage. LINEL is the line inductance. LOADL is

the load inductance.

The load geometries are required for the path length calculations.

They can be found using Figure A-2 as a guide. RLOAD is the radius of

the loaa coil. For small loads RLOAD is zero. DLOAD is the depth of

the load. WLOAD is the width of the load.

Two filenames are also inputs. They are the best case model

results, FILNAM and the worst case model results, FNAME.

Output$

Outputs for this program consist primarily of currents and

fields. TAMW is the total tamper mass. NTOC is the metal mass to
.4H.

explosive ratio. NTOC is the tamper mass to explosive ratio. The
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WLOOAD

S0 Figure A-2. Load Geometries

detonation velocity is D. The metal velocity is VA. The Gurney angle

is THETD. TIHEL(x) is the time varying Gurney inductance. TIMEI(x)

is the flux conserved current. l•AGH(x) and MAGB(x) are the magnetic

field and the magnetic flux density respectively for the flux conserved

model. RBS(x) is the time varying resistance. IRES(z) is the current

for the resistance model. N&GRH(x) and MAGRB(x) are the magnetic

field and magnetic flux density respectively for the resistance model.

ISLIP(z) is the current for the sliding contact loss model. HSLIP(x)

and BSLIP(x) are the magnetic field and the magnetic flux density

respectively for the sliding contact loss model. IEFF(x) is the

efficiency model current. HEFF(x) and BEFF(x) are the magnetic field

"- -~64
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and magnetic flux density respectively for the efficiency model.

IAA(x) is the changing area model current. BAA(x) and MAA(x) are the

i4p magnetic flux density and magnetic field respectively for the changing

area model.

The program prints tabular output files of these variables. It

additionally creates eight output files specifically for plotting the

currents described in Chapter VI. A complete copy of the computer

program can be found on the following pages.
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2KTHIS PROGRAM CALCULAES TANDPIT THE GENR ECRTIMDRESULTSCOPE AN STHEI

*E.*LOSIVE IS DETASHEET. IF YOU UISH TO CHANGE TO ANOTHER MATERIAL OR
*EXPLOSIVyE. PARAMETERS WH4ICH MUJST BE CHANGED ARE IND ICATED BY COMMENTS

* 2K SURROUNDED BY A ROUD OF *'S. THIS PROGRAM UTILIZES THE GURNEY EQUA-
*TICNS AND SIMPLE GEOMETRY. ALTHOUGH THE PPOGRAM AL~LOW~ FOR A TRHPE-
*ZOIDAL GENERATOR. IT ASSUMES THAT THE STEEL TAMPER~ IS RECTANGULAR IN
*CROSS SECTION. THIS PROGRAM CALCULATES BOTH A FLUX CONSERVED MODEL
2KAND A TIME VARY'HG RES ISTANCEo'IND)UCTANCE MODEL BASED ON ThE MAGNETIC
2KSKIN DEPTH. THIS PROGRAM ALSO CALCULATES THREE EMP IRICAL MODELS. THE

II. 2KSLIPPING LOSS EMPIRICAL MODEL, THE FLUX TRAPPING EFFICIENCY MODEL, AND
*THE CHANGING AREA EIVIRICAL MI3EL.

PROGRAM STRIP
INTEGER LIIIIT.L1111.L1M12.L112.THLIM¶I.J.K.L.MN.P.O.R.S.T.U.V
INTEGER I I.JJ.KK.LL.I11 IJ. IK.CKI.CK2
REAL TPU.TPT.TPL.TTH.BPL.CU4.CUTL.CELU. JUTL.JUBL.JCL .TTU.TTT.TTL
REAL TNT, CEM. EXL. VOLT. CAP. L EL. LOADL. VOL1, VOL2. PVOL. METIJLTAIIIJ
REAL TAMU, MTOC.NMTOC. ANUtl. ADEN, A. VM1.W2.VM.VI1UMVDEN. THETA. ARG 1, D
REAL )Q I E F1 INTL. rv4ROL. XSTOP. TSTOP, TPTL. TP"U,REST1. CWBM. AA
REAL ATOT.ARG2.APRIM.THETD.ALPHD.PNID.PHI.ZETA,ZETD. ZE.PD.ZET P. X
REAL LALPH. ALPHA. Y1.ASUB 1. AGEN, X0.GAMAD. GAMA. ASUB2. ASUB3. LGAMA. VA
REAL XDELT. H3. CENTI .CENT2. CENT, TVL.,CHUM. CDEN, 10, TOTL. IT, TPPU, BASE
REAL SBASE. SHT.TRAPA.I111T.ZREF.CALHCALU.)LIM2.G..IM3.B ,92.Hl.H2

* ~~REAL INTL1IH*ITL2. INTL3. INTL4JANGLE.AI.LHT.VOL4.L 1,L2.)'Gt..14.SLA1
REAL SLA2.SLA13,SLA4.5LA5.SLA6.)G.I15.)LIMI.TPPL1.LA!.RLOAD,DLOAD
REAL LLDAD.DIF.LPHI.LZET.TLOAD.PtMGASUB4.ASUBS5tJ. REST.LITK.BB
REAL REST2.SLIPD.POUER.CONS.ROES.CC.DDEE.FF.GGDEC1.DEC2,DEC3
REAL DEC4. DEC5. DEC6. DEC?.l. I 2. D3,04.LEX
REAL AREA(SSS).MISEC(SS).Tlt'EL(588).TIMEI(5s8).U(588).LA4C588)#1 REAL LA5(588) .LA6(588) .LA4D(588) .LASD(588) .LA6D(588) .POS(588)
REAL LA?(588) .LA?D(588).AREA1(588).AREA2(5a8).AREA3(508).TAU(588)
REAL AREID (S88). ARE2DC(see) ,ARE3D (50a),TV I (W8), TW2 (588).1KO(5ma)
REAL AREA4(588) .AREA5 (588) .ARE4D (588). ARE5D(3a8) ,TV4(589)
REAL 1VL3(588).TLEN(588).RLEH(58S).LLEN(588).BLEN(5ae) .slGmA(saa)
REAL PATH(588).MAGB(5SS).MAGH(588).1W5s(58).RES(588),TEmp588e)
REAL RAV(8sa).LAV(500),EARG1(58S),EARG2(58S), IRES(50O).MAGRH(sSS)
REAL MAGRB (560) ,EARG3 (506) .LAS (SOW ,LABD (SOO) ,Ewo (sea) .ROE (se8)

L REAL StIS(5aS).EFF(5S8),AAA(58S). ISLIP(568). IEFF(508),.IAA(588)
REAL HSLIP(5a8).BSLIP(S8).HEFF(SS6).B3EFF(5a8) .HAA(586) ,dAA (5se)
REAL SPHI(SSS)
CHARACTER*48 FHAME
CHARACTER*48 F ILNAM
CHARACTER2K4S PLOT I
CHARACTER*48 PLOT2

44,CHARACTER*48 PLOT3
CHARACTER2K48 PLOT4
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W CHARACTER*4, PLOTS*

* THIS PORTION OF THE PROGRAM HAS THE USER ENTER THE NEEDED PARAMETERS.
*

PRINT*,'PLEASE ENTER THE WIDTH OF THE PARALLEL PORTION OF THE'
PRINTS**TOP PLATE IN CENTIMETERS.)'
REA'•* TPPU
PRIHT*S*PLEASE ENTER THE WIDTH OF THE TOP PLATE AT THE"
PRIHTS,'TRAPEZOIDAL END IN CENTIMETERS.>Y
READ*, TPTL
PRINTH,'rPLEASE ENTER THE THICKNESS OF THE TOP PLATE'
PRINT*S. IN CENTIMETERS.)*
READS, TPT
PRIHT.**PLLEASE ENTER THE LENGTH OF THE TRAPEZOIDAL PORTION OF THE'
PRIHT*S.TOP PLATE IN CENTIMETERS.>'
READSIPTL
PRF dTS,°PLEASE ENTER THE TOTAL LENGTH OF THE TOP PLATE'
PRINTS.' IN CENTIMETERS.>'
READS. TPL
PRINT*.*PLEASE ENTER THE HEIGHT OF THE TROUGH IN CENTIMETERS.>'
READ=,TTH
PRIHTS,'PLEASE ENTER THE LENGTH OF THE BOTTOM PLATE'
PRINTS,'IN CENTIMETERS.>'
READS. BPL
PRINT,'*PLEASE ENTER THE HEIGHT OF THE CUTTING FLDGE'
PRINT*."IN CENTIMETERS..)
READS. CUT

I- PRIHTS.'PLEASE ENTER THE LENGTH OF THE TOP BASE OF THE CUTTING*
PRIHT*S*IEDGE IN CENTIMETERS.Y>
READS. CUlL
PRINT*.'PLEASE ENTER THE LENGTH OF THE BOTTOM BASE OF THE CUJ T IEiVE
PRINTS*,'EDGE IN CENTIMETERS.>'
READS CWTL
PRINTS*.PLEASE ENTER THE LENGTH OF THE TOP BASE OF THE JET WEDGE'
PRINT.' E IN CENTIMETERS.)'
READS. JUTL
PRINTS.'PLEASE ENTER THE LENGTH OF THE BOTTOM BASE OF THR JET'
PRIHTS.'LiEDGE IN CENTIMETERS.>'
READS. JWBL
PRIHT*.'PLEASE ENTER THE LENGTH OF THE JET CATCHER'
PRINT*.' IN CENTIMETERS.>'
READSJCL
PRINT*.'PLEASE ENTER THE THROAT THICKNESS AT THE JET CATCHER IN'
PRINTS. 'CENTIMETERS.>'
READS. THT
PRINT*.'PLEASE ENTER THE WIDTH OF THE TOP STEEL TAIPER"
PRINHTS'IN CENTIMETERS.>'
READS, TTT
PRINTS. 'PLEASE ENTER THE THICKNESS OF THE TOP STEEL TAMPER IN'
PRINTS. 'CENTIMETERS.>
READS. Ti
PRINTS,'PLEASE ENTER THE LENGTH OF THE TOP STEEL TAMPER'

N: PRINT*.'IN CENTIMETERS.>'
READ*.TTL
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PRINT*D4PLEASE ENTER THE WEIGHT OF THE EXPLOSIVE IN PEO!JHDS.>)
READ*.E*PL
PRINT*.'PLEASE ENTER THE WEIGHT OF THE TOP CEM~ENT BRICKS W9

I PRINT*/'POUMDS.>*
READ*. CEMWa
PR INT*. PLEASE ENTER THE BANK VOLTAGE IN VOLTS.>'
READS. VOLT
PRIt9T*.'PLERSE ENTER THE BANK CAPACITANCE IN MICROFARADS.>'
READ*. CAP

I.Ci.CAPeCAP*1E 806
PRINTs/'PLEASE ENTER THE LINE INDUCTANCE IN NANOHENRIES.>*
RFAD*,LINEL
PRINTS/PPLEASE ENTER THE LOAD INDUCTANCE IN NANOHENRIES.>'
READ*.LOADL
PRINTs/'PLEASE ENTER THE RADIUS OF THE LOAD I'N CENTIMETERS.>*
READ*. RLOAD
PRINT*.'PLEASE ENTER THE DEPTH OF THE LOAD IN CENTIIMETERS.>'

4 ~READS. DLOAD
PRINTS/*PLEASE ENTER THE WIDTH OF THE LOAD IN CENTIMETERS.>*
READ*, ILOAD
L INELaL INEL*IE-89
LOADLaLOADL*lE-09

% PR INT*.'PLEASE-ENTER THE BEST RESULTS F ILENAME.>8
N I READ (5.588) FILNAtI

500 FORMAT (A40)
PRINTS.'PLEASE ENTER THE WORST RESULTS FILENAIME.)Q READ (5.588) FNAME

* THIS PORTION OF THE PROGRAMI CALCULATES THE MASS AND TAMPER RATIOS AND
* USES THE GURNEY EQUATIONS TO DETERMINE A METAL VELOCITY.

VOLI1-TPPLUP(TPL-TPTL) SIPT
BASE -TPPUo'2. 1
SBASE-TPT1WZ.81
SHTuBASE-SBASE
IF (SHT.EQ.a.0) THEN

VOL2-11.8
ELSE

TRAPA-ATA#4(SHT/TPTL)
__ IHIT-BASE/TAN (TRAPA)

LHT-TPTL-111HT
AI-ItIIT4ASEI A2-LHTSSBASE
VOL2-TPT*(Al-A2)

END IF
L1*SORT((CItI4TSII1T)+(BASE*SASE) )-SORT( (LHT*&HT) +(SBASEsSBASE))
L2-TPL-TPTLS ~VDL3s2 .8T*114(11+12) *TPT
PVDL-VOL I+V012+VOL3
METW-(9. 96*PVOL) /1888f.8
CEtIJ.CErI-2. 28462

ATAMMJl(?86sVOL4)/1000.8

It .4 *
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E*PL-EXPL/2.26462
MTOC-METU/EX*L
tiTOC-TAMU/EXPL
ANUM=1.08N2.6'eEITC)
ADEN0I.8+(2.S*NTOC)
tA*ANUMVADEN

VQMN-TOC*A*A
VI13-MTOL

%k 4 VIIUM WILL HAVE TO BE CHANGEDIF THE EXPLOSIVE IS HOT DETASHEET.

VNM-2.2?
VDEN-SORT(Vt11+VI12+VI13)

S ~VIIVt4UtVVDEN

* THIS PORTION OF THE PROGRAM CALCULATES THETA AND V USING KENNEDY'S
* METHOD AND THE GURNEY EQUATIONS.

*wmm

*D WZILL HAVE To BE CHANGED IF THE EXPLOSIVE IS NOT DETASHEET.

D-6.9
ARS I .VIV(2 . *D)
ThETA-2.8*(ASIN(ARGI))

0 VAD*DTAN(THETA)
THIS PORTION OF THE PROGRAM CALCULATES THE CHANGING WIDTH OF THE

vr* GENERATOR.

XE .BPL-CUTL-JCL

XSTOPu)E+( (CU4*1ESI)/AtiTHETA))
TSTOPu)STDP/'D
I IMIT.TSTOP41
L1112-*2&ItIT
TIME*83.5
DO 5 1-1.LIMIT.1

X-D*T IME
E POS (I) x
0ý' XLIMI-TPTh*lE8ii
.1w IF (X.LE.4.IMI) Th4EN

BASE-TPPW/2.8
SBASE-TPTU1'2. 8

IN SHT*BASE-SBASE
TRAPA-ATAN (SHT4rP1L)
IllIT-BASE/TAN (TRAPA)
LHTa(TPTL- ItIIT)* slE1
CALU- (LHT+X) STAN (TRAPA)

% tJ(I)-CALUslE-03*2.S
%. ELSE

UC I) TPPW*IE-182
END IF
TItMEuTIE+1 .8
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s CONTINUE

*~THIS PORTION OF THE PROGRAMI CALCULATES THE INITIAL ImMUCTANCE MND THE
KTHROAT INDUCTANCE.

'S )~wCW8L-CUfL.
TPTLMaIPTh* KESI
CWIM*CI.L*IE8 1
ALPHA-ATAN (XR-ttJ4)
4..1M2-(TPL-JCL)*IEOI
XLIM3m(TPL-Jta9L)*1E8l
XLIM4w(TPL-JUTL)*1E01
DO le J'1.LIMIT.1

$4IF (TPTL.EQ.83.0) THEN
* ~SLA 1-0. 5*XR*CUlH*IE-84

* , Xl -BPL-CUBL-JCL
SLA2-CUH-%X1*1E-e4
SLA3.CWH*4CL-JUBL) *lE-84
XF 1 uJWL'3-JUfL.
SLA4-3. 5** 1'K(CUH-TPT) SIE-S4
SLA5-SLA 1+SLA2+SLA3+SLA4
SLAS .JCL*THT*IE-84

ELSE
XR -)R* I E8 1
IF (X.LE.XR) THEN

LA4(K) .0. 5".(XTAN (ALPHA)) *1E-S6
LA5 (K).9.
LAGU(K)-8.8

-' I LA?(K)@.@.
ELSE IF (X.LE.)LII2) THEN

LA4(K) .8.5*>R*(>'WdTAN(ALPHA))*1E-6b
LA5 (K) WX-X)~)*C1J411SE-86
LAS(K) @.9.
Lq?(K)-O..@

ELSE IF (X.LE.)G..1t3) THEN
LA4(K) .8.*)(R*(XR/TAHCALPHA) )*IE-e6
LA5(K) -(X 1M2-XR)*CLHMIIIE-136
LA6 (K) -(X-X4.IH2)*((C14-THT-TPT) *Ell I)I E-186
LA?(K) O.0.

ELSE
ANGLE -ATA ( (JUlBL-JWTL) /tUH)
Hi- (X-XG. 113) sIE-S I
81- CLH-THT-TPT

'5-,., H? JUBL-JUTL-H 1
6?-H2/(TAN (ANGLE))
LA4(K) .0. 54*C*()/TAN (ALPHA)) *IE-06

I ~LA6(K) uO'LIM3-XGJM2)*( (CIJI4-ThT-TPT)*1ES1)*IE-SS
LA7(K) .8.5*(Blj.92)*441*IE-e4

COTINUE-TM+

le'COTINU
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D0 15 Ka2.LIIIIT. I

LA4D( ) uLA4( 1)
LASD(l)-LA5(l)
LA63( 1) aL6( 1)

LA4D(K)*LA4(K)-LA4(L)
LASD(K) &LA5(IO-LA5(L)
LA6D(K) .LA6(K)-LA6(L)

15 CONTINUE
DO 29 MUIALIMITI1

IHTLI-( (1 .25663?l1&A4D(M) )AaIM) )+INTLI
INTL2a( (1 .25663?1.*LA5D(M) )/J1) )+IHTL2
IHfl.3.( (1.25663?1.*LA6D(M) )AJ(I) )+INTL3
INTL4-( (1 .25663?1&LATD(M) )/U(M) )+INTL4

29 CONTINUE
IF (TPTL.Eg.S.93) THEN

INT.C(1.25663?1*SLA5)/(TPU*E1E42)
IHINTL. IN*E-S6

ELSE
INTLU INTL 1+INTL2NMHTL3+INTL4
INTLm INTL*1E-e6

END IF
THLIM*C (TPL-JCL)2kIEOl)4D
TIME-4.8
DO 25 N-1.LIMIT.1

4XL IM5THL IM*I
XuD*TIME
IF CX.LE.)'LIM5) THEN4

LAOCN)-13.8
ELSE

LA9CN)*.CdBPL-JLJBL)*1EEOI)-X) *(TNT*1ESI)*IE-66
END IFI ~TII'EwTIME+I.@

25 CONTINUE
DO 38 P-2.LIMIT.1

am-i-
LAOD(1)-LASC1)
LASD(P) uLAB(P)-LA8(O)

38 CONTINUE
IF (TPTL.EO.8.68) THEN

THROLo( 1.25663?1*6LA6)/CTPPLbK1E-82)
ELSE

DO 35 Ru1.LII1IT.1
THROL=( 1.25663?1&LA9DCR))41o(R)+THROL

35 CONTINUEI END IF
THROL.TNROL*IE-06

* THIS PORTION OF THE PROGRAM CALCULATES ROM THE INDUCTANCE CHANGES
* WITH TIME. IT ASSUMES A CONSTANT DETONATION VELOCITY. IT FURTHER
* ASSUMES THAT TH4E METAL LINER IS TOTALLY ELASTIC AND THAT THE LOAD AND
* THROAT INDUJCTANCES DO NOT VARY WITH TIME.
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>(E-BPL-CWTL-JCL
XE-XE*1E81
XSzTOPuX+( ((CLH-ThT-TPT)*1ES 1) TAH(THETA))
rSrOP uXSTOP/D
ARG2-CLi/(CUlBL-CUTL)
ALPHA-ATAN (ARG2)
TP'ETD-THETA*(1883.0/3. 141592?)

.1 ~ALPHD-ALPHA*( 188.8/3. 1415927)
PH IDa180.0-THETD-ALPHD
PHI=PHID*(3. 1415928/188.0)

ZETD=I'ETA*( 180.8/3. 1415927)
tZETPDu98 . +ZETD
ZETAP-ZETPD*(3. 1415927/188.6)
ALPHA-ALPHD*(3.1415927-'180.0)
>R=-CU8L--CWTL
XR-XR*1EO1
Xl -BPL-CUBL-JCL
XF 1 -JLJ6L-JLJTL
XO-CUH/TAN (THETA)
XOG-XO*1ES1
LIMIT.TSTOP+1
TIME =8.8
DO 48 S-1.L[MIT,1

X=l*TItME
XLIMaX(R+X(O
X(F=(BPL-CUTL-JUrTL)*1EB1
IF (TPTL.EQ.5.0) THEN

A ~IF (X.LE.XL..M) THEN
-~ LALPH-SIN(THETA)*(X/(SIN(P141)))

VI uLALPH*S IN(ALPHA)

ASUlJ-i8.5*X*Yl

AREAMC)-AGEH*IE-06
MISEC(S) -TIME

ELSE IF (X.LE.X(F) THEN
ASUB 18. 5*)X IM*CUH*1E8 1
ASUB2-(X-XL IM) *CLHII*EB1

by.. AGEN- (SLA5*1EOG)-ASUB 1-ASUB2
AREAMCS-AGEN*1E-06
MISEC(S) -TIME

ELSE
ASUB 1 -0. 5*K. IM*C1J*1ESI
ASU82- (X->G..IM) *CICJ*IEO I
GAMAD - 180. O-ZETPD-THETD
GAMA-GAt1AD*C3. 1415927/188.8)
>CELT-X-)*

Ll ~LGAMA-SIN(THETA)*(XCDELT4SIN(GAMA))
143 -LGPlWA*S IWGAMA)

.NT1 aSQRT( CLGAMA~dGAIP) - H3#H3))
CENT2-SORTC (XDELT*XDELT)-(H3*H3))
CENT*CtENT 1+CENT2
ASU83-0.5'ICENT*H3
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-)U4r(THT*'rpT) *( JCf_- TJL)v *IE-02)
ASU6S- .5;(TPT*TPT*1E~32)/i-YIN(THETA)
AGEtN4=(SLA5* 1,EOS) -ASUS 1-ASUB2+ASU83-ASUB4+ASUBS
AREA(S) =AGEH;-'tE-0G
M ISEC (S) -TItIM-

END IF

ELSE
IF (X.LE.X4.IM) THEN

S LAL.PHwSIH(THETA)*(X/(STN(PHI)))
YI =LALPH*S IN (ALPHA)
ASUS 1 u.S*X*Yl
AREA 1(S) =ASUB l*1E-06
AREA2(S) =8.O
AREA3(S) :3.8
AREA4(S) =8.0
AREAS(S) wO.8
MISEC(S)-TII'E

ELSE IF (X.LE.XF) THEN
AREA! CS) -8..~*X.Ir1'eH*1EOl*1E-06
AREA2(S) -(X-XL.IM)*C1J4*1E81*1E-836

r, AREA3(S) O.0.
PREA4(S) =8.0
AREA5(S) O.8.
MISEC(S)=TIrME

41 ELSE
AREA! (S)u0.5*XLIM*CUH*1E81*1E-06CAREA2 (S) - (X-Xt'-IM) *LH*1E8 I*1E-06
GAMAD- 188. 8-ZEIPD-THETD
GAMA-GAMAD*(3. 141592?'188.0)
XDELT-X-XF
LGAMA-StN(THETA)*(XCDELT'SIN(GAMA))
H3-LGAMA*S IN (GAMFI)
CENT! -SORT( (LGAMA*4.GAMA) -(H3*H3))
CENT2-SQRT (XDELT*X(DELT)-(H3*H3))
CENT-CENTI+CENT2
AREA3 CS) -0. 5*CENT*H3*1E-06
AREA4(S)-(C(THT*TPT)*(JCL-J11J6) )*1E-04
AREA5(S) .(8.5*(TPT*TPT)/TAN(THETA) )*1E-84
MISEC CS) -TIME

END IF
TIME-TIME+1 .0

END IF
48 CONTINUE

"N ~IF (TPTL.EQ.0.0) THEN
DO 45 T-1.LIMIT.1

TW.((1.2566371*AREA(T)I)/(TPPWK1E-U2))*IE-86
T I MEL CT) -TVL.

45 CONTINUE
ELSE

DO 58 U-2. LIMIT, I

AREID(l) -AREAI(I)
ARE2D1)() -AREA2(1)
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ARE3D(l)-AREA3(1)
ARE4D( ) -AREA4( 1)
ARESDCI)-AREAS(1)
ARE1D(U) uAREA1 (U)-AREA1(V)
ARE2D (U) aAREA2 (U) -AREA2 (V)
ARE3D(U) -AREA3(U) -AREA3(V)
ARE4D(U) aAREA4(U) -AREA4(V)
ARE5D (U) uRREA5(U) -AREA5(V)

so CONTINUE
DO 55 1-2.LIMIT.l

TVL1( 1)u((1.25663?1*AREID(1))/WR1))*1E-86
TVL2( 1)-((1.2566371*ARE2D(l))/W(1))*1E-06
Tvl-3C1) -((C1.256637 1*.ARE3D(1))4J(1)) )*E-036
TVL4C 1)a( C1.25663?1*ARE4D(1))/U(1) )*1E-06
TVL5( 1) -((1.256637 1**1RE5DC(1))U/t(1)) )*IE-06

TVL2( I)-((C1.2566371*ARE2DCI))/tJ(I))*lE-a6)+TV42(J)
TVA3(1) -(((1.2566371*ARE3DCI)) /t(I))*1E-06)+TVL3(J)
TVL4( I) ( ((1.2566371*ARE4DCI) )/C I) )*lE-06) +TVL4(J)
TVL5CI)-C(l(.2566371*ARE5D(1)))'UU)*lE-06)+TVL5(J

55 CONTINUE
DO 68 K-1.LIMIT.1

TVLa IHTL-TVL 1(K) -TVL2(K) +TVL3 CK)+TVL4(K) -TVL5(K)
* T'IMEL(K)-TVL

60 CONTINUEC END IF
*THIS PORTION OF THE PROGRAM CALCULATES AND PRINTS THE CHANG ING CURRENT.

DO 65 LalLIMIT, I
CNUM* INTL+THROL+LOADL
CDEN-THROL4.LOADL+TIMEL(L)
TOTL-CNUtI+L INEL
1auVOLT*(SORT(CAPTOTL))
IT- (CHUM/CDEN) *IO*1E-03

TItCEL(L)aTIMEL(L)*1E09
65 CONTINUE

N * THIS PORTION OF THE PROGRAM CALCULATES THE CHANG ING PATH LENGTH OF
* THE SYSTEM.

IF CRLOAD.EQ.8.0) THEN
v TLOAD-(2.8*3.1415927*RLOAD)+(C2.0*DLOAD)+t 1 LOAD)'

ELSE
TLOAD-(2 .6*3. 141592?*RLOAD)-U..OAD+(2 .0*DLOAD)

END IF
TIME-13.1
DO 76 L-1.LIMIT~1

XmD*TIME
IF (X.LE.)t.IM) THEN

TIEN CL) TPL-JfL.- CWTL.- (XC*E-6 1)
LALPH-SINCTHETA)*(X/(SINCPHI) ))*1E-01
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DIF(L-CkBL-CYLIE+LA

RLEH (L) -SORT( (C 31iL-JLJTL) *(JLJBL-JWTL) ) +(CU*LJIcH~) ) +JCL
ELSE IF (X.LE.*F) THEN

TLEN(L) -TPL-JJTlL-CUTL-(X*1E-B1)
LLEN (L) -CLJH /SIN (THETA)

BLIk) -TPL-CUTL+(CLJH/TAN(ThETA) )+ThOAD-CX.*lE-81)
RLEH(L) -SORT((C JLJBL-JUTh)*CJUBL-JUTh) )+(CUH*CUH) )+JCL

ELSE
ThEN(L) -8.8
XDELT.C-XF,-)*IE-81
GAMAD- 188.8-ZETPD-THETD

4. GAMlAwGAMAD*(3.*:41592'1B80.8)
LZET-SIN(ZETAP)*(PXDELr'(s IN(GAtM)))
LLEH CL) -(CWH/SIN(ThETA) )-LZET
BLEN CL) -TPL-CUTL+(CU'1/TAN C ThETA) )+ThOAD-(CX*IE-8 I)
LGAMA-SIN(THETA)*(XCDELT/SIN(GAIIA))
RLEN CL) -(CWJH'COS (ZETA)) -LGAMA+JCL

END IF
rIME-TIMEtX .8

78 CONTINHUE
* DO 75 M-1.LIMIT.l

PATH(M)-(WLEN(M)+LLENCM)+RLEN(M)+BLEN(M))*lE-02
75 CONTINUE

'~THIS PORTION OF THE PROGRAM CALCULATES THE CHANGING MAGNETIC FIELDS.

IF (TPTL.EO.8.8) THEN
DO 88 N-1,LIMIT.I

('4 MAGH(N) -(TItrE! (H)s1E83)/CTPPW*1E-82)
MAGOCH) -MAGH(N)*(4.8*3. 1415527'*IE-89)

s8 CONTINUE
ELSE

DO 85 P-l,LIMIT.1
MAGH(P)-CTIrtI (P)*1E83)/tJCP)
1%iGB(P)-MAGH(P)*(4.8*3. 141592?'*1E-89)

35 CONTINUE

END IF

*THIS PORTION OF THE PROGRAM USES THE STRENGTH OF THE IDEAL MAGNETIC
*FIELD TO CALCULATE A CHANGING RESISTANCE BASED ON THE MAGNETIC SKIN

- I *DEPTH. IT FURTHER CALCULATES A RESISTANCE DUE TO THE RESISTANCE OF THE
*COPPER PLATES. IT THEN CALCULATES THE CHANGING CURRENT AND MAGNETIC
*FIELDS GENERATED FROM THIS TIME VARYING RESISTANCE.

*MU. MAY HAVE TO BE CHANGED IF THE METAL IS HOT COPPER. ROES WILL tIAVE
*TO BE CHANGED IF THE METAL IS NOT COPPER. LITK MAY HAVE TO BE CHANGED

W I ;* IF THE METAL IS NOT COPPER. CONS WILL HAVE TO BE CHANGED IF THE METAL
*IS NOT COPPER.

11.14.8*3. 1415927*IE-8?
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L ITK- I E-03
ROES-1 .72*IE-86
CONS-1 178.0
DO 980-O1..LIMIT.1

TEMP(Q) -CONS*(MAGB(Q)*MAGB(Q))
ROE(Q) -ROE0*(1.8+(L ITK*TEMP (0)))
SIGMA(Q) .1.8/ROE (0)
K0(Q)-1 .8/(SIGMA (0) *M.)

98 CONTINUE
TH ICK-TPT*lE-02
DO 95 R-2.LIMIT.1

S-R-1
TAU(R) -MAGH (R)/( (MGH(R) -MAGH(S)) )d( (MISEC(R) -MISEC(S) )*IE-05)
SPHI(R) -2.0*SORT((KO(R)*R*1E-06))

95 CONTINUE
DO 188 T-2.LIMITAl

IF (TPTL.EQ.0.8) THEN
RESTI-TAUCT) /(SIGMA(T)*t1J)
REST2-SORT(RESTI)
REST-S IGMA(T) *REST2
IF (SPHI(T).LE.THICK) ThEN
RES(T)-(1.8O/REST)+((ROECT)*A-TH(T))/((TPPW*SPHI(T)*1E-02)))

ELSE
RES(T)m(1.04REST)+((ROE(T)*PATH(T))/(TPPWa*THICK*K1E-82))

END IF
ELSE

RESTIlTAUCT) /(SIGMA(T)*t1)
REST2 -SORT (REST 1)
REST-S IGMA(T) REST2
IF(SPHI(T).LE.THICK) THEN

-~ RES(T).(1.8)/REST)+((ROE(T)*PATII(T))/(W(T)*SPHI(T)))
ELSE

RES(T).(1.8/REST)(ROE(T)*PATH(T)/(W(T)NcTHICK))
END IF

END IF
188 CONTINUE

RES( 1) -RES (2)
DO 185 U-2.LIMIT.1

V-U-I
RAV(U) -(RES(U)+RES(V) )/2.0
LAV(U) -((TItlEL (u) +r IL(V)) /2.0) *lE-09+THROL+LOADL
EARGI(U)-(RAV(U)4LAV(U))*-1 .8*1E-06IiEARG2wU)-10*(TIMELd)*lE-1e9)+THROL+LOADL)/(TIMEL(U)*1E-89)+

+THROL+LOADL)

EARGI(1)-(RES(l)/((TIMEL(l)*IE-89)+THROL4I..ADL))*-1.B*1E-86
EARG2( 1)-1O
DO 118 I*2,LIIIIThl

IAG ( ) - AR i C )+ A G3 J
EARG3( 1) -8.8II+EG3

118 CONTINUE
6O 115 KuIALIMITDI

E XPOCKM -EXP (EARG3(KW
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115 CONTINUE
DO 120 L-I,LIMIT.1

IRES(L)-EARG2(L)*E)(PO(L)*IE-03
128 CONTINUE

IF (TPTL.EO.B.8) THEN
DO 125 N-ILIMIT.1

MAGRH,'N) -( IRES(H)/(TPPUL*1E-82) )'tIE03
MAGRB',N) utAGRH(N)*(4.8*3. 141592;'*IE-e9)

125 CONT !JUE
ELSE

DO 130 P*II,LIMIT.I
MAGRH (P) -( !RES(P)/U(P) )*tE03
MAGRB(P) -iMGRH(P) *(4.8*3. 1415927*lE-89)

138 CONTINUE
END IF

* THIS PORTION OF THE PROGRAM USES THE EMPIRICALLY AEVELOPED MODELS
* TO DESCRIBE THE CURRENT AND MAGNETIC FIELDS WI.ICH ACCOUNT FOR THE
* THE FLUX LOSSES DUE TO A SLIDING CONTACT. THE LOSSES DUE TO A CHANGING
* AREA, AND THE LOSSES DUE TO A FLUX TRAPPING EFFICIENCY.

OPEN (UHNIT-1,NArE-PLOT4 TYPE-'NEW")
WRITE (1.708)

788 FORMAT (D PLOTS OF RESISTANCE MODEL CURRENTS )
WRITE (1.0) LIMIT
DO 8B8 I-hLIMIT,l

J-I-1
URITE (1,*) J

Be CONTINUE
DO 885 K-I.LIMIT,.1

A-IRES(K)*tE-83

WRITE (1.*) A
885 CONTIHUE

CL6SE (UNIT-a)
OP-H (UNIT-,INAE-PLOT5.TYPE-"NEU")
UR i fE ( 1, 7a5)

705 FOrRMAT (' PLOTS OF IDEAL MODEL CURRENTS )
WRITE (I1.*) LIMIT
DO 810 L-I,LIMITl

MaL-I
WRITE (1.*) M

918 CONTINUE
DO 815 H-ILIMIT.I

A-T IIE I(N)* LE-83

WRITE (1,*) A
815 CONTINUE

* THIS PORl ION OF THE PROGRAM SETS THE VALUES FOR THE BEST CASES FOR
* THE EMPIRICAL MODELS. THIS PORTION OF THE PROGRAM INITIALIZES THE
* SMALL S VALUES FOR THE BEST CASE FOR THE SLIPPING CONTACT LOSS MODEL.

II-LIMIT-18
JJ-LIMIT-81
AA-e.3182

.777
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B9-8.2815

DEC I-BB/( I I-JJ)
DEC2 (AA-BB)/(LIMIT-I I)

" THIS PORTION OF THE PROGRAM INITIALIZES THE VALUES FOR THE BEST CASE
, 4" '" EFFICIENCY MODEL.

CK I-
KK-LIMIT-18

S•.LLoLIMIT-101

CC-63.839
DD-79. 56
DEC3-(DD-CC)/(LIMIT-KK)
DEC4s( 188.8-DD)/(KK-LL)

*THIS PORTION OF THE PROGRAM INITIALIZES THE VALUES FOR THE BEST CASE
C 1t4HANGING AREA EFFICIENCY MODEL.

CK2-1
Hi-L IMIT-5
IJ-L IMIT-44
[K-L IIIT-8 !

EE-0.6889924
FF-8. e88693 I
GG-O.6885749DEC5- (EE-FF)/(L IMIT-HH)

DEC6-(FF-GG)/(Itl-IJ)
DEC7-GG/(IJ-IK)

'K THE FIRST ITERATION PRODUCES THE BEST CASE PLOTS FOR THE EMPIRICAL
' MODELS. THE SECOND ITERATION PRODUCES THE WORST CASE PLOTS FOR THE

44 1 EMPIRICAL MODELS.

OPEN (UN IT-.NAIME-FILNAIITYPE-NHEU')
WRITE (1,718)

718 FORMAT (D THE FOLLOUING RESULTS AND PLOTS ARE FOR THE BEST CASE )
"10 IO*1IE-03

•. 'DO 988 1-1.2.1

".;, .~ 'K THIS PORTION OF THE PROGRAM CALCULATES T-r SIMALL S VALUES.

DO 985 J-1.JJ.1
SMS(J) -8.8

985 CONTINUE

S,,,,,• D l DEC Z
,.4, DO 910 K=JJ° I I. I

SIS (K) -D[DI-D[+DEC!

910 CONTINUE

D2-S515 I I )+DEC2
1.II-I+1
DO 915 L-II.LIMIT,1

Sto5(L) -D2
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D2 SD24DEC2
915 CONTINUEt~I ~ THIS PORTION OF THE PROGRAM CALCULATES THE EFFICIENCY VALUES.

* DO 928 MalLL~l
EFF(tl)-10l8.0

928 CONTINUE
D3 -DEC4
LL-LL+I
DO 925 NaLL.KK.1

EFF(N) -18S1.8-D
D3 -D34DEC4

LONTINUE
IF (CKI.EO.1) THEN

D4- 188. -EFF (KK) -DEC3
KK-KK+l
DO 9380 P-KK.LIMIT.1

EFF (P) a 111. 9-D4
D4-D4+DEC3

930 CONTINUE
ELSE

* END IF
DO 935 O-l.LIMITf 1

EFF(O) .EFFCO)i'188 .8
935 CONTINUE

* TH IS PORT ION OF THE PROGRAM CALCULATES THE CHANG ING AREA FOR THE
* CHANGING AREA EM~PIRICAL MODEL.

DO 949 R*1.IK.1
-~ AAA(R) uB99

*940 CONTINUE
1K. IK+l
D5*DEC?
DO 945 SulK. IJ.1

4 ~AAA(S) -D5
D5-D5+DEC?

945 CONTINUE
IF (CK2.Eg.1) THEN

D6-AAA( IJ)+DEC6

DO 956 T-IJItI.1

938 CONTINUE
DT*AAA CII) +DEC5

a.'. Do 955 U*ItI.LIMITIT.
AAA (U) uD1
D? .D?+DEC5

955 CONTINUE
ELSE

N..- END IF 7



*THIS PORTIO)N OF THE PROGRAM CALCULATES THE CURRFHTS DUE TO SLIPPING
:KCONTACT LOSSES.

DO 968 Vu1.LlflITI1
IF(IPTL.EO.S.8) THEN

POI.ER-l .8-((St1S(V)*2.8)/CWH)
ISLIPCV) .I0w((CIRES(V)/IO) )*O'POLER
HSLIP(V)a( ISLIP(V' '( WP~PWE-02) )*1E83
BSLIP(V) .HSLIP(V)*gM4

ELSE
POUERs1.83-((SMS(V)*2.18)/(U(V)*lE82))
ISLIP (Y) -IO*(C IRESe/)/IO))N*wAOWER
HSLIP(V) -CISLIPCV)4J(V))*1E@3
8SL IP (Y) -HSL I P(V) Aft

END IF
398 CONTINUE

N* 114IS PORTION OF THE PROGRAM CALCULATES THE CURRENTS DUE 10 FLUX TRAPP[ING
* EFFICIENCY.

DO 965 J-1.LIIIIT.I
.4 IF (TPTL.EQ.0.8) THEN

IEFF(J) -EFF(J)*IRESCJ)'1 ~HEFF(J)u( IEFF(J)/(TPPUPIE-82) )*1E83
9EFF(J) -HEFF(J)'efl

ELSE
IEFF(J)-EFF(J)*IRES(J)
HEFF(J)u( IEFF(J)AJCJ))*1E@3

END IF
965 CONTINUE

* THIS PORTION OF THE PROGRAM CALCULATES THE CURRENTS DUE TO THE CHANCING
* AREA EMPIRICAL MO)DEL.

DO 978 Kul.LIMIT.1
*IF (TP1L.E0.0.8) THEN

LEX-( (1 .25663?1*AAA(K) )/(TPPLJWlE-a2) )*IE-86
A-EXPO(K)
BUCHUM
C-C (TMEL (K) iLOADL) *lE-89) +THROL4LEX
IAA(K) aIO*C9/C)*A
HAA(K) -CIAACK)/CTPPLWPIE-S2) )*E1E3
BAACK)-HAACK)*tt

ELSE
LEXuC(i .25663?1*AAC(K))/U(K) )*lE-06

C-C CTIiELCK)+LOADL)*IE-89)+THROL+LEX
IAACK) uIO*C6/C)*A
HAA(K)-( IAACK)/U(K))*1E83
BAACK) -HAA(K)*tlJ

END IF
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9?8 CONTINUE
. ,,WRITE (1.715)

715 FORMAT (' TIME IRES ISLIP IEFF IAA')
DO 9?5 LIoLIM1IT,,

"M-L- 1
WRITE (1.?28) 11.IRES(L).,ISLIP(L).IEFF(L)oIAA(L)

728 FORIMT (16.GI5.4,G15.4.GI5.4.G15.4)
975 CONTINUE

* THIS PORTION OF THE PROGRAM SETS UP THE PLOTTING FILES FOR THE SLIPPING
• " * CURRENT.

OPEN (UNIT-I.NAIE-PLOTI.TYPE-sNE1")
WRITE (1.508) PLOTI
WRIT'E (l.*) LIMIT

SiDU 980 H-I.LIMIT.1
P-N-I
WRITE (1.*) P

998 CONTINUE
DO 995 OIw.LIMIT,1

A-ISLIP(O)*1E-03
-WRITE (1,*) A

965 CONTINUE

THIS PORTION OF THE PROGRAM SETS UP THE PLOrTING FILES FOR THE EFFICIENCY
i• * CURRE=NT.

• ,' ~~OPEN (UN IT" ,HIINAE-PLOT2, TYPE I °HE51° )
L•: WLRITE (1,5O0) ,PLOTI2

5,JRTTE (1,*) LIMIlT

DZý 999 R-I.LIMIT.1
S-R-1
WRITE (1.*) S

998 CONTINUE
"DO 995 TILIMIT.I

A IEFF(T)*IE-83
WRITE (I.*) A

995 CONTINUE
CLOSE (UNIT-i)MI: * THIS PORTION OF THE PROGRAM SETS UP THE PLOTTING FILES FOR THE CHANGING

* AREA CJRRENT.
S

OPEN (UN IT1.NAIIEwPLOT3.TYPE-"HEdr)
"WRITE (1,506) PLOT3
WRITE (1.*) LIMIT
DO IMS UuI.LIMIT.I

-= "::V-U- I
•'•'"WRITE (1.*) Y

8le8 CONTINUE

AmIAA(J)*1E-03
LRITE (1,*) A
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"o l-d

8L85 CONTINUECLOSE (UHIT-1)

* THIS PORTION OF THE PROGRAM INITIALIZES THE VALUES FOR THE WORST CASE

* FOR THE EMPIRICAL MODELS. THIS PORTION OF THE PROGRAM INITIALIZES THE
* S VALUES FOR THE SLIPPING LOSS MODEL.

SI I!. IMIT-45
JJL IMIT-94
AA-0.48611
89-0. 1348
DEC1-BB/( I1-JJ)
DEC2-(AA-BB)/(LIMIT-I I)

* THIS PORTION OF THE PROGRAM INITIALIZES THE VALUES FOR THE WORST CASE
4 FOR THE EFFICIENCY MODEL.

CKI-0
KK-LIIIT
LL-LIMIT-59
CC-52.8528
DEC3-S.8
DEC4-(LSQ.9-CC)/(LIMIT-LL)
DD-S.S

- :.• * THIS PORTION OF THE PROGRAM INITIALIZES THE VALUES FOR THE WORST CASE
, FOR THE CHANGING AREA EMPIRICAL MODEL.

CK2-6
IJ-LIMIT
IK-LIMIT-56
EE-. 8018029
DEC5-6.U
DEC6a8.8
DEC?-EE/(LIMIT-IK)
FF-4.8
GG-0.8

OPEN (U IT- .HAME-FHAMETYPE-° Ed
RJTE (1.725)

725 FORMAT (' THE FOLILOUING ARE THE RESULTS FOR THE WORST CASE ')

988 CONTINUE

* THIS PORTION OF THE PROGRAM PRINTS THE DATA DEVELOPED FOR EACh
"* OF ThE MODELS.

296 FORIMAT (D THE LINE INDUCTANCE IS: '.F12.4.* NANOHENRIES')
WRITE (1.26M) INTL

v! 285 FORMAT (' THE GENERATOR INDUCTANCE IS: *.F12.4." NAHOHEHRIES')
•,:,. WRITE (1,210) LOADL

218 FORMAT (' THE LOAD INDUCTANCE IS: '.F12.4.* HANOHEHRIES')
WRITE (1.215) CAP

215 FORMAT(" THE BANK CAPACITANCE IS: *.F12.4,' MICROFARADS')
"WRITE (1,220) VOLT
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228 FORMAT(* THE BRANK VOLTAGE IS: *,F12.4,* KTLOVULTS''
WRITE (1,225) EXPL

225 FORMAT(* THERE ARE: *.F12.4.* KILOGRAMS OF E*$LGSIVES')WRITE (1.230) TAMIJ
208 FORMAT(* THERE ARE:.'F12.4.* KILOGRAMS OF TAMPER')

WRITE (1,235) MTOC
235 FORMATC' THE MISS TO EXPLOSIVE RATIO IS: ".F12.4)

WRITE (1,240) HTOC
248 FORMAT(` THE TAMPER RATIO IS: *.F12.4)

"WRITE (1,245) D
"245 FORMAT(" THE DETONATION VELOCITY IS: '.F12.4. II"/MICROSECONDS')

WRITE (1,258) VA
253 FORMAT(* THE METAL VELOCITY IS: ".F12.4,' II4IICROSECONDS)

WRITE (1,255) THETD
FORMAT(' THE GURNEY ANGLE IS: '.F12.4.* DEGREES*)

268 WRITE (1,268) LIMIT
268 FORMAT(° THE LIMIT IS: ".I11)

WRITE (1,265)
265 FCRMAT(* THE RESULTS FOR THE FLUX CONSERVED MODEL ARE: )

WRITE (1.2?8)
278 FORMAT(' TIME(MICROSECONDS) INDUCTANCE(HANOHENR IES) )

DO 150 T"I.LIMIT.1
WRITE (1,275) MISEC(T).TIMEL(T)

275 FORMAT( °.4X.F12.4o18X.F12.4)
158 CONTINUE

WRITE (1.289)
288 FORMAT(o TIMEMIICROSECONDS) CURREHT(KAMPS)')

DO 155 U-IoLIMITI
WRITE (1,285) MISEC(U),TIMEI(U)

285 FORIMT( '4X.F12.4.6XF12.4)
155 CONTINUE

WRITE (1,298)
298 FORMAT(" TIME(MICROSECONDS) °IX, HFIELD(AMPS11 tETER)".3X/ BFIELD(

+MEGAGAUSS) )El.• DO 168 Val.LIMIT.1
WRITE (1,295) MISEC(V),MAGH(V).IMG8(V)

295 FORMAT( ',4X.F12.4.4XG28.4.2X.G2@.4)
168 CONTINUE

WRITE (1,308)
388 FORMAT (A A TIME VARYING RESISTANCE IS:*).• WRITE (1,305)
-35 FORMAT (' TIME(MICROSECONDS) RESISTANCE(OHMS)')

"DO 165 I-I.LIMIT.1

"WRITE (1.310) MISEC(I),RES(I)
318 FORMAT(' *.Fl2.4.6Y.G28.4)
165 CONTINUE

WRITE (1,315)
315 FORMAT (" THE RESULTS FOR THE TIME VARYING RESISTANCE MODEL ARE:*)

WRITE (1.328)
328 FORMAT C' TIME(MICROSECONDS)' " 3X. "CURRENT(KAMPS) )

DO 178 Jm1.LIflIT.1
WRITE (1,325) MISEC(J),IRES(J)

325 FORMAT (' *,4X.F12.4,6XF12.4)
178 CONTINUE
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s- s'-*-J -.b -. -rr r-- r~----- .

W.RITE (1,330)
330 FORMAT C' TIIE(IIICROSECONiDS)'. leX.HFIELD(A!PS/MTER)' .3X.9BFIELDC

.5 HMEGAGAIJSS) 8)
Do 1?5 Ket.LflItT.1

WRITE (1,335) MISEC(K),MAGRN(K),MAGRB(K)
335 FORMAT (' '.4X.F12.4.4X.G2S.4.2X aG20.4)

-'i17 CONTINUE
WRITE (1.346)

340 FORMA~T ("THE RESULTS FOR THE SLIPPI~a' LOSS MODEL ARE6.)

345 FORMAT C~ TIME(flICROSECONDS)',3X.-CURREHT(KAMPS)')
DO 198 LO1.LII1IT.1

WR~ITE (1.358) MISEC(L).ISLIP(L)
358 FORMAT (' *4X.F12.4.6X.Fl2.4)
188 CONTINUE

WRITE (1,355)
355 FORMAT V TIME(MICROSECONDS)*.18X.I4FIELD(AWVS/ETER)*.3X.*BFIELD(

I HEGACAUSS) 1)
DO 195 -I..LIIIIT.I

* LWRITE (1.368) MISEC(fl).HSLIP(M).BSLIP(I)
368 FORMAT C .,4X.F12.4.4X.G28.4,2X.G26.4)
185 CONTINUE

WRITE (1.365)
365 FORMAT V THE RESULTS FOR THE EFFICIENCY MODEL ARE:)

W.RITE (1.378)
378 FORMAT V' TIME(MICROSECONDS).,3X.*CURRENT(KAtIPS)')

0O 198 NuI.LIMIT.i
WRITE (1.375) MISEC(N).IEFF(N)

3?5 'FORMAT (a 0,4X.F12.4.6X.FI2.4)

49M6AGAUSS)")
DO 195 P-I.LIIIIT.I

WRITE C(1.385) IIISECCP).HEFF(P).8EF(P)
395 FORMA~T VC'.4X.F12.4.4X.G29.4,2Y..G2@.4)

135 CONTINUE
WRITE (1,398)

398 FORMA~T(* THE RESULTS FOR THE CHANG ING AREA LOSS MODEL ARE:.")
WRITE (1.395)

395 FORMAT C' TIME(MICROSECONDS) .3X.'CURRENT(KAMPS)')
DO 688 0u1.LIIIIT.1

WRITE (1.409) tIISEC(Q).IAACO)
488 FORMAT (' '.4X.F12.4,6X.F12.4)
686 CONTINUE

I WRITE (1,485)
485 FORMAT V TIIlE(MICROSECONDS)*.18X*iiIELD(AMPSdtETER),*.3X.9VIELDC

*4EGAGAUSS) m)S DO 665 R-1.LIMIT.1
WRITE (1,418) IIISEC(R)DHAA(R),BAACR)

416 FORMAT VC'.4X.F12.4.4X.G2@.4.2X.G2,%4)
685 CONTINUE

END
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Appendix B

Appendix A contains the curves of the measured and calculated

data used for analysis in Chapter VI. The curves for Test 1 were

presented in Chapter VI. This appendix contains the asam curves for

the remaining tests. They include the experimental currents, the

bubble heights, efficiencies, and additional areas. Also included are

the output currents of each of these models.
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